Pineapple mealybug wilt associated virus-2 (PMWaV-2) is a mealybug transmitted ampelovirus associated with mealybug wilt disease of pineapple (MWP) in Hawaii. The characteristics of PMWaV-2 acquisition and persistence of grey pineapple mealybugs (GPM), Dysmicoccus neobrevipes Beardsley, were measured. Some GPM were able to acquire the virus within 36 hours. Transmission efficiency of GPM in groups of 25 was 100% following a 72-hour acquisition access period (AAP). GPM remained viruliferous for up to three days after a 3-day AAP when serially transferred to virus-free pineapple plants at 24-hour intervals over a 7-day period. Access to a kabocha squash, a non-host of the virus, reduced the transmission efficiency and persistence of the virus. These data show that PMWaV-2 is transmitted by the grey pineapple mealybug in a semi-persistent manner. A potential management strategy based on these findings is discussed.
INTRODUCTION
Pineapple (Ananas comosus (L.) Merr) is an economically important tropical fruit crop grown for fresh fruit market and processed products. One of the limiting factors of pineapple production is infection with pineapple mealybug wilt associated viruses (PMWaVs), which adversely affect plant growth and yield Hu, 2001, 2002b; Sipes et al., 2002) . The PMWaVs are a complex of mealybug-transmitted Ampeloviruses that include PMWaV-1, PMWaV-2, PMWaV-3, PMWaV-4, and PMWaV-5 (Gambley et al., 2008; Melzer et al., 2001 Melzer et al., , 2008 Sether et al., 2005 Sether et al., , 2009 . PMWaVs are typically phloem-associated systemic viruses that can be detected throughout the plant (Hu et al., 1997) . The family Closteroviridae is composed of three genera, Ampelovirus, Closterovirus, and, Crinivirus (Martelli et al., 2002) . The genera are differentiated by molecular characteristics, genome organization, and vector. Recent evidence based on phylogenetic analyses and significant differences in genome organization suggests that a second mealybug-transmissible group may be present in the genus Ampelovirus (Melzer et al., 2001 (Melzer et al., , 2008 Gambley et al., 2008; Sether et al., 2009) . One group includes the genus type member, Grape leafroll associated virus-3 (GLRaV-3) and PMWaV-2, and the other group includes PMWaV-1, PMWaV-3, and several other GLRaVs.
MWP was first described in Hawaii in 1910 (Larsen, 1910) and remains a serious threat to pineapple production worldwide (German et al., 1992; Sether and Hu, 2002a; Borroto-Fernandez et al., 2007; Gambley et al., 2008) . MWP is characterized by reddening of the leaves, leaf wilting, and severe tip dieback which can cause total collapse of the plant and roots (Carter et al., 1933) . Smaller fruit, reduced plant size, fewer ratoons, and asynchronous fruit production typically accompany the disease (Carter, 1945; Hu, 2001, 2002; Sipes et al., 2002) . The disease can be followed by a recovery phase, characterized by the absence of symptoms in new growth (Carter, a 1963; Sether and Hu, 2002a,b) .
PMWaV-1, PMWaV-2, and PMWaV-3 are transmitted by the grey pineapple mealybugs (GPM), Dysmicoccus neobrevipes (Beardsley) and pink pineapple mealybugs, D. brevipes (Cockerell) (Sether et al., 1998 (Sether et al., , 2005 . Second and third instars of the GPM are more efficient vectors of PMWaV than first instars and larvapositional females (Sether et al., 1998) . The objectives of our research are to determine virus acquisition, retention, and persistence characteristics for PMWaV-2 by the grey pineapple mealybug.
MATERIALS AND METHODS
Mealybug Colonies, Plant Material, and Virus Sources GPM were reared on the fruit of kabocha squash, Cucurbita maxima Duchesne, as previously described (Sether et al., 1998) . Second and third instars were used in the experiments. Crowns, the vegetative planting material produced on top of a pineapple fruit, were planted in pots with soil and allowed to establish for 2-4 months in cages under insect-free conditions. Crown-derived plants were approximately five months old when mealybugs were introduced. Pineapple plants were also produced through tissue culture and allowed to establish in soil for four months prior to mealybug exposure. The PMWaV status of all plants was determined shortly after planting and one month prior to mealybug exposure using reverse transcription-polymerase chain reaction assays (RT-PCR) as previously described (Sether et al., 2005) .
Reverse Transcription-Polymerase Chain Reaction (RT-PCR) Assay
Tissue from the basal white portion of the pineapple leaf (100 mg) or 25 mealybugs were ground in liquid nitrogen. Total RNA was extracted using the RNeasy ® Plant Mini Kits (Qiagen Inc., Valencia, CA) following the manufacturer's protocol as previously described ). PMWaV-2 was detected with RT-PCR as previously described (Sether et al., 2005) .
Transmission Experiments
Insect transmission experiments were conducted in cages, 2.5×0.7×0.6 m or 1.7×0.8×1 m (length×width×height) covered with 0.2 mm opening mesh. Each treatment was carried out in separate cages. Individual tissue-culture-derived plants, were covered with a 0.2-mm nylon mesh. Mealybug transfers were conducted with a camel hair brush as previously described (Sether et al., 1998) .
Acquisition Access Period (AAP)
The effect of various plant acquisition access periods on PMWaV-2 transmission rate by GPM were evaluated with second and third instar nymphs. Mealybugs were transferred to detached, PMWaV-2 infected leaves from the same virus source plant for acquisition feeding. Mealybugs were given feeding access to the detached leaves for 0, 12, 36, 72 and 120 h. GPM reared on kabocha squash were used as negative controls. Five groups of mealybugs for each AAP were subjected to RT-PCR assays for PMWaV-2. Groups of 25 mealybugs each were transferred to five healthy plants. The experiment was repeated once.
Test plants were sprayed with insecticide one week after mealybug exposure. Virus status was determined by RT-PCR assays and RNA isolated from the third pineapple leaf from the central whorl of each individual plant six weeks after inoculation access period (IAP) and every month thereafter for five months. For the duration of the experiment, tests plants were caged separately to prevent cross-contamination of mealybugs.
Virus Persistence
The length of time that viruliferous GPM instars remain infective after serial transfers to host plants for seven days was determined. Second and third GPM instars from kabocha squash were given access to detached, PMWaV-2-infected leaves for three days. After acquisition, four groups of 50 mealybugs per group were screened for PMWaV-2 using RT-PCR assays. Four other groups of 50 mealybugs were each transferred to four healthy pineapple plants for approximately 24 hours. After 24 hours, mealybugs were recovered, and transferred to another healthy plant. The serial transfers of viruliferous GPM at 24 hour intervals to healthy pineapple plants continued for seven days. Test plants were sprayed with insecticides to kill the insects 24 hours after the last day of transfer. Test plants were caged separately to prevent contamination or transfer of mealybugs to other plants. RT-PCR assays for PMWaV-2 were conducted beginning onemonth after GPM exposure and every month thereafter for five months. Two trials were conducted for this study.
The length of time that GPM remained capable of transmitting PMWaV-2 when allowed to probe first on a non-virus-host plant (squash) and then given access to a healthy virus-free pineapple plant was also determined. GPM instars were given access to detached PMWaV-2 infected leaves for three days. After acquisition, mealybugs were transferred to kabocha squash with a camel hair brush for 6, 12, 24 or 72 h. Five groups of 25 mealybugs each were assayed for PMWaV-2; four other groups of 25 GPM were transferred to four virus-free pineapple plants. Mealybugs given continuous access to PMWaV-2 infected leaves then immediately introduced to virus-free plants were used as positive controls. Mealybugs reared on kabocha squash and introduced to healthy plants served as negative controls. Plants were sprayed with insecticide one week after mealybug exposure. Plants were caged separately to prevent transfer of mealybugs. Virus status was monitored for each individual plant using RT-PCR assays 1.5 months after GPM introduction and every month thereafter for 5 months. Two trials were conducted for this study.
RESULTS

Acquisition Access Period
RT-PCR assays were useful for detecting PMWaV-2 from GPM and from infected pineapple plants. No PMWaV-2 infections were detected in plants exposed to groups of 25 GPM that had been given a 12 hour AAP to PMWaV-2-infected leaves (Fig. 1) . However, 40% (4/10) of the plants exposed to GPM given an AAP of 36 hours became infected with PMWaV-2 and 100% (10/10) of the test plants developed infections when groups of GPM were given an AAP of at least 72-hours. Plants exposed to 25 GPM given an AAP to kabocha squash only, remained virus-free. PMWaV-2 was detected with RT-PCR in 3/10 groups of 25 GPM that had been given a 36 h and 10/10 groups given a 72 h AAP but was not detected in groups given a 12-hour AAP to infected leaves or in the groups that fed on kabocha squash (Table 1) .
Virus Persistence
The percentage of plants that developed PMWaV-2 infections declined with each daily transfer of viruliferous GPM (Fig. 2) . All plants (8/8) exposed to groups of 25 GPM during the first 24 hours after a 3 day AAP developed PMWaV-2 infections. PMWaV-2 infections developed in 38% (3/8) and 25% (2/8) of the plants exposed to mealybugs transferred on the second and third day, respectively. No infections were detected in plants exposed to GPM transferred during days 4-7, nor did infections develop in plants exposed to GPM fed on kabocha. These results show that GPM that acquired PMWaV-2 remained infective for up to 3 days.
The length of time that GPM instars remained capable of transmitting PMWaV-2 was reduced when GPM were given access to Kabocha squash between the AAP and the inoculation access period (IAP) on healthy pineapple plants (Fig. 3) . In this study, GPM were given a 3-day AAP on PMWaV-2 infected pineapple leaves, as in the study above. But, following the AAP, the GPM were transferred to kabocha squash fruit for 6, 12, 24, or 72 h, prior to being transferred in groups of 25 to healthy pineapple plants for a 5-day IAP. PMWaV-2 infections developed in 88% (7/8) of the plants exposed to GPM that received 6-or 12-h access periods to kabocha squash fruit between the AAP and the IAP. But, as the length of kabocha squash-access period increased, the number of infections decreased. Only 38% (3/8) of the plants developed PMWaV-2 infections when GPM were given a 24-h access to kabocha fruit, and after 72 h of exposure on kabocha, no infections developed after IAP on healthy pineapple. These results show that viruliferous GPM given access to a non-host prior to feeding on healthy pineapple had reduced transmission efficiencies and that virus persistence was reduced.
DISCUSSION
The AAP and length of virus persistence of PMWaV-2 and the mealybug vector GPM were measured. Our results confirmed earlier studies that GPM can acquire and transmit PMWaV-2 (Sether et al., 1998 (Sether et al., , 2005 Sether and Hu, 2002a,b) and that our RT-PCR assays can be used to detect the virus in mealybugs and plants. Our results showed that GPM could acquire the virus after feeding for as little as 36 h and that transmission rates increased with longer AAPs. PMWaV-2 persisted in GPM at least three days if the mealybugs were feeding on pineapple.
Of more interest perhaps, were our results when access to a non-virus-host such as kabocha was introduced between AAP and IAP. GPM that fed on this non-host fruit, had reduced transmission efficiencies and apparent reduction in virus persistence. This suggests that intercropping with non-virus hosts could be useful in reducing the spread of PMWaV-2 in pineapple fields. However, further research is needed to identify potential candidates that may be appropriate for this environmentally friendly, integrated pest management approach. The potential candidates for virus-trap-cropping should not be conducive to mealybug replication or support virus replication. The semi-persistent characteristics of the virus in GPM that we presented here, impact the epidemiological patterns of virus spread noted by many researchers (Hughes and Samita, 1998; Sether and Hu, 2002a; Sether et al., 2010) and selection of appropriate control strategies for the virus and mealybug wilt disease. Previously, we have found that central regions within pineapple planting blocks have a lower incidence of PMWaVs after the ratoon cycle than the side and end regions (Sether et al., 2010) . Given the semi-persistence of PMWaV-2 and the reduction of transmission efficiencies with the inclusion of non-virus host feeding access, protection of the central region of planting blocks may be improved through the use of such non-virus-host-barriers. Tables   Table 1. Positive control plants were exposed to mealybugs not given feeding access to kabocha after AAP. Negative control were plants exposed to mealybugs reared on healthy pineapple. 
